GABA neurons in the substantia nigra pars reticulata receive input from GABAergic fibers originating in the forebrain. The role of dopaminergic D 1 receptors located on these fibers was investigated using tight-seal whole-cell recordings from visually identified pars reticulata neurons of rat substantia nigra slices. Nondopaminergic pars reticulata neurons were characterized by their electrophysiological properties. Postsynaptic currents evoked by minimal stimulation in the presence of ionotropic glutamate receptor antagonists were blocked by bicuculline, indicating that they were GABA A IPSCs. Evoked GABA A IPSCs were potentiated by D 1 receptor agonists. After application of D 1 receptor agonists, miniature IPSCs [recorded in the presence of tetrodotoxin (TTX) and the Ca 2ϩ channel blocker Cd 2ϩ ] increased in frequency but not in amplitude. Effects of D 1 receptor stimulation were mimicked by forskolin, as expected, if a cAMP-dependent mechanism was involved. The D 1 antagonist SCH23390 blocked the effects of the agonists, and perfusion with SCH23390 resulted in a reduction of evoked IPSCs. In TTX and Cd 2ϩ , which prevented dopamine release, the D 1 antagonist had no effect on miniature IPSCs. Blocking of monoamine uptake by imipramine increased the amplitude of evoked IPSCs. We conclude that dopamine released from dendrites of dopaminergic neurons enhances GABA release in the pars reticulata of the substantia nigra through D 1 receptors presumably located on striatonigral afferents. These D 1 receptors, thereby, can reinforce D 1 receptor-mediated activation of striatal projection neurons that inhibit the inhibitory output neurons of the basal ganglia in substantia nigra.
GABA neurons in the substantia nigra pars reticulata receive input from GABAergic fibers originating in the forebrain. The role of dopaminergic D 1 receptors located on these fibers was investigated using tight-seal whole-cell recordings from visually identified pars reticulata neurons of rat substantia nigra slices. Nondopaminergic pars reticulata neurons were characterized by their electrophysiological properties. Postsynaptic currents evoked by minimal stimulation in the presence of ionotropic glutamate receptor antagonists were blocked by bicuculline, indicating that they were GABA A IPSCs. Evoked GABA A IPSCs were potentiated by D 1 receptor agonists. After application of D 1 receptor agonists, miniature IPSCs [recorded in the presence of tetrodotoxin (TTX) and the Ca 2ϩ channel blocker Cd 2ϩ ] increased in frequency but not in amplitude. Effects of D 1 receptor stimulation were mimicked by forskolin, as expected, if a cAMP-dependent mechanism was involved. The D 1 antagonist SCH23390 blocked the effects of the agonists, and perfusion with SCH23390 resulted in a reduction of evoked IPSCs. In TTX and Cd 2ϩ , which prevented dopamine release, the D 1 antagonist had no effect on miniature IPSCs. Blocking of monoamine uptake by imipramine increased the amplitude of evoked IPSCs. We conclude that dopamine released from dendrites of dopaminergic neurons enhances GABA release in the pars reticulata of the substantia nigra through D 1 receptors presumably located on striatonigral afferents. These D 1 receptors, thereby, can reinforce D 1 receptor-mediated activation of striatal projection neurons that inhibit the inhibitory output neurons of the basal ganglia in substantia nigra.
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Dopamine (DA)-containing neurons in the substantia nigra pars compacta (SNC) appear to play an important role in a number of neuronal f unctions. For instance, dysf unction of DA output from these neurons has been implicated in the etiology of motor disorders of the basal ganglia, e.g., Parkinson's disease. DA exerts a modulatory effect on inhibitory basal ganglia output. The primary output structures of the basal ganglia are the substantia nigra pars reticulata (SN R) and the internal segment of the globus pallidus. Inhibitory output from the basal ganglia is controlled by two opposing but parallel pathways termed direct pathway and indirect pathway (Alexander and Crutcher, 1990) . The direct pathway comprises GABAergic projections from neostriatal medium spiny neurons to SN R neurons and neurons of the internal segment of the globus pallidus, which in turn send GABAergic projections to the thalamus (Somogyi et al., 1979) . The indirect pathway consists of GABAergic projections from neostriatal medium spiny neurons to the external segment of the globus pallidus (Graybiel and Ragsdale, 1983) and from the globus pallidus to the subthalamus (Rouzaire-Dubois et al., 1980) . The subthalamus, in turn, sends excitatory glutamatergic (Smith and Parent, 1988) fibers to the SN R (Nakanishi et al., 1987; Parent, 1990; Robledo and Feger, 1990 ) and the internal segment of the globus pallidus (Kita and Kitai, 1987; Parent, 1990) . Activation of the direct pathway results in a disinhibition of thalamic neurons; activation of the indirect pathway results in an inhibition of thalamic neurons.
DA interacts with both pathways. Dopaminergic neurons in the SNC (Dahlström and Fuxe, 1964; Moore et al., 1971; Ungerstedt, 1971) target neostriatal medium spiny neurons (Freund et al., 1984) . DA interacts with the direct pathway via D 1 receptors and with the indirect pathway via D 2 receptors. The overall effect of DA is the attenuation of basal ganglia output, i.e., a reduction of the activity of GABAergic neurons in SNR and the internal segment of the globus pallidus.
Besides acting at the level of the neostriatum, DA may modulate functioning of the basal ganglia output via a direct influence in substantia nigra. DA release occurs not only from the nerve terminals in the neostriatum but also from the dendrites of DA neurons that extend their dendrites into the SNR (Geffen et al., 1976; Korf et al., 1976; Cheramy et al., 1981) . DA released from dendrites of dopaminergic neurons is in a position to modulate the activity of those neurons in substantia nigra that convey basal ganglia output. In substantia nigra, D 1 receptors are supposed to be localized selectively on terminals of GABAergic afferents from the forebrain (Barone et al., 1987; Harrison et al., 1990; Mansour et al., 1991; Cameron and Williams, 1993; Jaber et al., 1996) . A possible mechanism is that D 1 receptors on terminals of striatonigral fibers tune the efficiency of inhibition of SNR neurons.
Nondopaminergic, presumably GABAergic, neurons represent the majority of neurons within the SNR (Oertel et al., 1982) and can be separated from dopaminergic neurons by their electrical membrane properties (Nakanishi et al., 1987; Häusser et al., 1995; Richards et al., 1997) . The aim of the present study was to elucidate the possible influence that DA in substantia nigra may have on inhibition of GABAergic neurons in the SNR. We suggest that through activation of D 1 receptors on inhibitory afferents from the forebrain, endogenous DA can increase inhibition of inhibitory neurons in the SN R.
MATERIALS AND METHODS
Brain slice preparation. Wistar rats (12-to 16-d-old) were decapitated under ether anesthesia, and their brains were removed. Cross sections were made through the forebrain at the level of the optic chiasm and through the rostral side of the cerebellum. Right and left hemispheres were separated and trimmed by removing the cortex. Coronal slices (250-m-thick) were cut from the caudal surface using a Vibratome (tpi; Balzers Union, Balzen, Liechtenstein). Slices were allowed to equilibrate for 1 hr at room temperature before commencement of recording. In the cross-sectioned slice, the SN R is located ventrolaterally and the SNC is located dorsolaterally (see Fig. 1 A) .
Recording f rom visualized neurons. Slices were placed in a small (ϳ400 l), submerged glass-bottomed recording chamber. Neurons were visualized with infrared light and differential interference (IR-DIC) optics (Stuart et al., 1993) . A fixed stage upright compound microscope, Z eiss Axioscope FS (Z eiss, Oberkochen, Germany), equipped with a high numerical aperture (NA) water immersion lens (40 ϫ 0.75 NA, working distance 1.9 mm) with corresponding DIC optics and a 0.9 NA condenser, was used. Slices were illuminated with infrared light by the placement of an infrared filter in the light path. The image was detected with an infrared-sensitive video camera (Newvicon C2400, Hamamatsu, Hamamatsu C ity, Japan) and displayed on a standard black and white video monitor (Sony GmbH, Köln, Germany).
Whole-cell patch clamp-recordings were made from nondopaminergic and dopaminergic neurons of the SN R at room temperature (20 -24°C). Slices were superf used continuously at a rate of ϳ1.5 ml /min with an oxygenated solution containing (in mM): 130 NaC l, 2 KC l, 1.3 MgSO 4 , 1.25 K H 2 PO 4 , 2.5 CaCl 2 , 26 NaHC O 3 , and 10 glucose, pH 7.35. Recordings were obtained in the presence of 10 M AM PA receptor antagonist 6,7-dinitroquinoxaline-2,3-dione (DNQX) (RBI, Köln, Germany) and 1 M NMDA receptor antagonist DL-2-amino-4-methyl-5-phosphono-3-pentenoic acid (4-methyl-APPA) (Sigma, Deisenhofen, Germany). All drugs were bath-applied with the complete exchange of the external solution not exceeding 30 sec (Jarolimek and Misgeld, 1997) . DA, forskolin, imipramine, and bicuculline were from Sigma; SK F38393, SCH23390, quinpirole, and tetrodotoxin (TTX) were from RBI; and sulpiride was from Serva Feinbiochemica (Heidelberg, Germany).
For pharmacological characterization of nondopaminergic and dopaminergic neurons, a pipette solution was used containing (in mM): 130 KC l, 10 NaC l, 0.25 C aC l 2 , 2 MgC l 2 , 10 EGTA, 5 H EPES, 5 glucose, 5 Mg-ATP, pH 7.3; electrode resistance was 4 -6 M⍀ before seal formation. For characterization of the cells, C s ϩ -free pipettes were used to avoid blocking the action of the D 2 receptor agonist quinpirole. For all other measurements, recording pipettes were filled with (in mM): 130 C sC l, 10 NaC l, 0.25 C aC l 2 , 2 MgC l 2 , 5 EGTA, 10 H EPES, 10 glucose, 2 Mg-ATP, pH 7.3 (4 -6 M⍀). The discrimination of dopaminergic from nondopaminergic neurons on the basis of the sag in the membrane potential (see below) was still possible with C sC l-filled electrodes.
Whole-cell patch-clamp recordings were performed with a discontinuous single-electrode voltage-clamp amplifier (npi; Tamm, Germany). Neurons were approached in the bridge mode (pipette resistance compensated) with patch pipettes under visual control with positive pressure (Stuart et al., 1993 ). The holding current was set to Ϫ45 nA before negative pressure was applied until a tight seal was formed (Ͼ1 G⍀). After the holding current was reduced, negative pressure was applied until the whole-cell configuration was achieved (holding current set to zero). Immediately after breaking through, resting potentials of the neurons were in the range of Ϫ60 to Ϫ65 mV. After characterization, we voltage-clamped the neurons at Ϫ80 mV to minimize membrane depolarization by C s ϩ , which could have induced excessive C a 2ϩ influx through action potential firing. Holding currents were usually ϳ100 pA, and cells requiring Ͼ150 pA were discarded. No correction for liquid junction potential changes was made (2 mV for K ϩ and 3 mV for C s ϩ internal solution). Input resistance (Ͼ130 M⍀) and access resistance (Ͻ15 M⍀) were determined by analyzing the steady-state and transient responses to voltage commands, respectively. To ascertain that no major changes in the access resistance had occurred during the recordings, a 3 mV, 10 msec pulse was used before a minimal I PSC was evoked. C ells in which the capacitive transient was reduced by Ͼ10% were discarded. Synaptic currents were filtered at 1.3 kHz with a four-pole Bessel filter, sampled between 2 and 10 kHz using pC lamp software (Axon Instruments, Foster C ity, CA), and stored on a DAT recorder.
Measurements of IPSCs.
Pharmacological effects on I PSC s evoked by minimal stimulation, on spontaneous I PSC s, and on I PSC s resistant to TTX and insensitive to C d 2ϩ (mI PSC s) were investigated. I PSC s were evoked by minimal stimulation through a patch pipette filled with extracellular saline (100 -200 sec, 0.1 Hz). The stimulation pipette was positioned within a 100 m distance from the recorded cell within the SN R, laterally or medially to the recorded cell outside the cerebral peduncle. Stimulus intensities were selected to elicit all-or-none I PSC s (Edwards et al., 1990; Lambert and Wilson, 1993; Radnikow et al., 1997 ) (see Fig. 2 A) . A 20 -50% proportion of failures was considered acceptable to classif y evoked I PSC s as all-or-none events. Changes in amplitudes and latencies of stimulation-evoked I PSC s were analyzed. Averages of evoked I PSC s included events and failures unless stated otherwise. Latencies were measured from onset of stimulus to onset of evoked I PSC s. The paired Student's t test was used to determine significant changes. Data from several cells are given as mean Ϯ SEM. mI PSC s were recorded in the presence of TTX (0.3 M) and C d 2ϩ (20 -100 M). For analysis, spontaneous I PSC s and mI PSC s were detected by a program written in our laboratory (Jarolimek and Misgeld, 1997) . Drug effects were calculated as changes in the frequency of spontaneous and mI PSC s, respectively. The frequency was determined from the number of events within 60 -120 sec epochs for control and different pharmacological conditions. Cumulative amplitude and frequency distributions were compared with the Kolmogoroff-Smirnoff test. T wo distributions were considered to be significantly different when p Ͻ 0.01.
Nondopaminergic neurons were separated from dopaminergic neurons electrophysiologically by injection of depolarizing and hyperpolarizing current in the bridge mode. For testing, all cells were hyperpolarized stepwise from Ϫ65 mV maximally to Ϫ110 to Ϫ120 mV. The degree of sag of the membrane potential back toward the resting potential during hyperpolarization was expressed as a ratio of the steady-state versus peak voltage during a hyperpolarizing current pulse.
For dye injections, internal solutions containing L ucifer yellow were prepared by dissolving 4 mg of powder (lithium salt; Sigma) in 40 l of 100 mM LiC l and adding this to 1 ml of internal solution. At the end of the recording, the pipettes were withdrawn from the neurons to form outside-out patches, and the slices were immediately fixed in cold 4% paraformaldehyde in PBS (0.1 M, pH 7.4) overnight. Slices were then dehydrated through graded alcohol, cleared in xylene, embedded, and photographed.
RESULTS

Identification of nondopaminergic neurons in the SNR
Recordings were made from visually identified neurons in the SNR (Fig. 1 A-C) . Nondopaminergic neurons were characterized by their electrophysiological properties. These included little or no sag of the membrane potential back toward the resting membrane potential during hyperpolarization (ratio of steady-state to peak sag, 0.98 Ϯ 0.01; average Ϯ SEM; n ϭ 10) (Häusser et al., 1995) and brief action potentials (2.1 Ϯ 0.2 msec as measured at their base; n ϭ 4) ( Fig. 1 D1, K ϩ -filled electrodes). In contrast, another albeit small population of SNR neurons displayed a prominent sag in the membrane potential (Lacey et al., 1987 (Lacey et al., , 1989 Häusser et al., 1995; Mercuri et al., 1995) (average sag ratio of 0.56 Ϯ 0.03; n ϭ 5) and broad action potentials (4.2 Ϯ 0.8 msec; n ϭ 3) (Fig. 1 D2, K ϩ -filled electrodes). Neurons with the latter membrane properties were hyperpolarized by application of the D 2 receptor agonist quinpirole (1 M; n ϭ 5), whereas the large group of neurons was not responsive to quinpirole or DA (n ϭ 9). These characteristics identify the large group of neurons as nondopaminergic neurons (Häusser et al., 1995) and the small group as DA neurons of the SNR (Nakanishi et al., 1987) . All further data reported in this study were obtained from nondopaminergic neurons recorded with Cs ϩ -filled electrodes except where specif-ically indicated. Nondopaminergic neurons could then be separated from dopaminergic neurons only by the presence or absence of time-dependent hyperpolarization-activated inward rectification. With C s ϩ -filled electrodes, the measured ratio of steadystate to peak sag for nondopaminergic neurons was 0.98 Ϯ 0.01 (n ϭ 36); for dopaminergic neurons it was 0.6 Ϯ 0.04 SEM (n ϭ 5). These values correspond exactly to the values measured with K ϩ -filled electrodes.
Potentiation of evoked IPSCs by D 1 receptor stimulation
IPSC s were recorded in the presence of AM PA (DNQX; 10 M) and NMDA (4-methyl-APPA; 1 M) receptor antagonists to prevent fast synaptic excitation. We have used minimal stimulation, a method for activating only one or a few presynaptic fibers to evoke all-or-none I PSC s (Fig. 2 A,B) . The responses were blocked on application of TTX (0.3 M; n ϭ 6). Also, evoked synaptic responses were abolished by bicuculline (10 -20 M; n ϭ 3) (Fig. 2C ) as is characteristic for GABA A receptor-mediated IPSC s. In the same cells, spontaneous synaptic currents were blocked by bicuculline (Fig. 2 D) .
The D 1 agonist SKF38393 (3 M) (Fig. 3) or DA (10 M; in the presence of 1 M D 2 receptor antagonist sulpiride) increased the amplitudes of evoked IPSCs in all neurons (Table 1, Fig. 3A1 ) within a 3 min application time. Rise and decay time of the IPSCs, however, remained unchanged (Fig. 3A2) . The potentiation of averaged IPSC amplitudes was associated with a shortening of the mean latency (Table 1) , whereas the latency range (maximum-minimum) at which IPSCs were evoked in a single cell was not changed (control: maximum ϭ 4.0 msec, minimum ϭ 2.5 msec; D 1 agonist: maximum ϭ 3.5 msec, minimum ϭ 1.9 msec). A reduction in failure rate that was observed in 12 of 13 cells contributed to the strong potentiation of the evoked IPSCs (Fig. 3, A, inset, and B) . Wash-out of agonists partially reversed the potentiation. No change in holding currents or input resistances was observed. The D 1 antagonist SCH23390 (0.1-1 M; n ϭ 3) blocked the agonist-induced potentiation of the IPSCs. Because Cameron and Williams (1993) reported that D 1 agonists facilitated GABA B IPSPs but not GABA A IPSPs in dopaminergic neurons, we tested the effects of SKF38393 on IPSCs evoked by minimal stimulation in dopaminergic neurons in SNC. In four of five neurons there was no effect; in the remaining neuron SK F38393 increased the amplitude of the I PSC (from 41 to 159 pA) and reduced its latency (from 3.4 to 2.8 msec).
Potentiation of mIPSCs by D 1 receptor stimulation
D 1 receptor stimulation activates adenylyl cyclase in striatonigral neurons (Surmeier et al., 1995) . A role for cAMP has been suggested as an intracellular messenger in the facilitation of mIPSC s (C apogna et al., 1995; Mitoma and Konishi, 1996; Trudeau et al., 1996; Jarolimek and Misgeld, 1997) . We therefore investigated the effect of D 1 receptor stimulation on constitutive release by measuring mI PSC s in the presence of TTX (0.3 M) and the C a 2ϩ channel blocker C d 2ϩ (20 -100 M). D 1 receptor stimulation by bath application of SK F38393 (3 M, n ϭ 4; 20 M, n ϭ 2) or DA (10 M, in the presence of 1M sulpiride; n ϭ 3) increased the frequency of mI PSC s in all nine cells tested, in seven of which the increase was significant ( p Ͻ 0.01) (Fig. 4) (for mean values of frequency and amplitudes, see Table 1 ). The enhancement of the frequency was not accompanied by a change in amplitude, suggesting that the probability of release was enhanced.
Spontaneous I PSC s were investigated in 15 cells, in 12 of which the amplitude of evoked I PSC s had been increased by D 1 receptor stimulation (SK F, 3 M, n ϭ 9; DA, 10 M, in the presence of 1 M sulpiride, n ϭ 3). In the three remaining cells, only spontaneous activity was recorded (SK F, 3 M). In four of these 15 cells, an increase in the frequency of spontaneous IPSCs was observed. In two of these cells, statistical analysis revealed a significant increase ( p Ͻ 0.01) accompanied by a small but insignificant increase in I PSC amplitudes. The inconsistency of D 1 effect on spontaneous I PSC s in contrast to the consistent effect on mI PSC s may be explained by a variability in the contribution of action potential-dependent or -independent IPSCs to spontaneous IPSCs. TTX and Cd 2ϩ reduced the frequency and amplitude of IPSCs (percentage change: Ϫ42.1 Ϯ 9.9% for frequency, Ϫ28.2. Ϯ 10.6% for amplitude; n ϭ 6). The data suggest that a considerable number of D 1 receptor-insensitive GABA release sites contributed to spontaneous IPSCs.
To test whether stimulation of adenylyl cyclase indeed facilitates mIPSCs in substantia nigra pars reticulata neurons, we applied the adenylyl cyclase activator forskolin (5-20 M). All effects observed after D 1 receptor stimulation were also found after forskolin application. Amplitudes of evoked IPSCs were increased and latencies were reduced (Table 1) . In all cells the frequency of spontaneous IPSCs was strongly increased. The frequency of mIPSCs was also increased (Table 1 ) in all cells, indicating an action of forskolin that is independent of Ca 2ϩ influx.
Modulation of inhibition by endogenous DA
As shown above, measurements of evoked IPSCs provide a sensitive indicator for an enhancement of inhibition in SNR neurons by D 1 receptor stimulation. Thus, we investigated whether inhibition of SNR neurons is potentiated by endogenous DA. DA may be released from the dendrites of DA neurons that are in close apposition to SNR neurons (Björklund and Lindvall, 1975; Fallon and Moore, 1978) . The D 1 receptor antagonist SCH23390 (0.1-1 M) reduced the amplitude of evoked IPSCs (Table 1, Fig. 5A ) within 10 min of application (Fig. 5B) and increased the failure rate in three of four cells. SKF38393 or DA applied in the presence of SCH23390 was without effect in three cells (Fig. 5B) . The reduction of IPSCs by SCH23390 might indicate a tonic stimulation of D 1 receptors by endogenous DA. To exclude a nonspecific effect of the D 1 receptor antagonist on IPSC s, we tested its effect on mI PSC s. In the presence of TTX and C d 2ϩ , DA should not be tonically released . Indeed there was no effect of the D 1 receptor antagonist on mIPSC s (n ϭ 5), neither on their frequency nor on their amplitudes (Table 1) . Further support for the idea of a tonic stimulation of D 1 receptors in slices came from experiments in which DA reuptake was inhibited by the monoamine uptake inhibitor imipramine. Within 10 min of application, imipramine (1 M) caused an increase in the amplitude of evoked I PSC s (from 72.3 Ϯ 12.3 pA to 161.2 Ϯ 27.8 pA; n ϭ 4) (Fig. 6 A) , accompanied by a decrease in number of failures in all cells and a reduction of the mean latency (from 3.1 Ϯ 0.3 msec to 2.7 Ϯ 0.3 msec). In all cells, the potentiation of evoked I PSC s was antagonized by SCH23390 (0.1 M), which could even reduce the amplitude of evoked IPSCs below control (Fig. 6 B) .
DISCUSSION D 1 receptors enhance GABA A synaptic currents in nondopaminergic midbrain neurons
Activation of D 1 receptors stimulates the release of GABA from slices of the basal ganglia, including the SNR (Floran et al., 1990) . For DA neurons in the ventral tegmental area it has been suggested that GABA B receptor-mediated neurotransmission is selectively facilitated by D 1 receptor-mediated enhancement of release in the midbrain (Cameron and Williams, 1993) . Here, we report that facilitation of GABA release by D 1 receptor activation enhances GABA A IPSCs in nondopaminergic, presumably GABAergic (Oertel et al., 1982; Richards et al., 1997) , neurons of the SN R. I PSC s evoked by minimal stimulation were potentiated and their latencies decreased. The frequency of mIPSCs recorded in the presence of TTX and C d 2ϩ was increased. In substantia nigra, D 1 receptors are selectively localized on terminals of GABA-containing afferents (Barone et al., 1987; Harrison et al., 1990; Mansour et al., 1991; C ameron and Williams, 1993; Jaber et al., 1996) . These afferents innervate both dopaminergic and nondopaminergic neurons in the midbrain (Nakanishi et al., 1987; Stanford and Lacey, 1996) . The selective distribution of D 1 receptors and the enhancement of GABA release through D 1 receptors can explain an enhanced GABAergic inhibition in dopaminergic and nondopaminergic neurons. However, it is not clear why only GABA B inhibition was found to be enhanced in dopaminergic neurons (Cameron and Williams, 1993) . It is possible that GABA B receptors are selectively present at synapses formed by forebrain GABAergic afferents with dopaminergic neurons (Johnson et al., 1992; Cameron and Williams, 1993; Stanford and Lacey, 1996) . That GABA A IPSCs are not facilitated in dopaminergic neurons in SNC is supported by our preliminary findings, but requires further study.
An enhancement of the frequency of mIPSCs was to be expected from the likely mechanism of action of D 1 receptors. In all cell lines tested to date, D 1 receptors stimulate the formation of cAMP in response to agonists (Jaber et al., 1996) . Pharmacological tools used in our experiments, e.g., application of a selective D 1 agonist, application of DA in the presence of a D 2 receptor antagonist, and the inhibition of their effects by a selective D 1 antagonist, unanimously point to the involvement of a D 1 receptor in the effects observed in our study. All effects of D 1 receptor stimulation on evoked and mIPSCs in the midbrain could be mimicked by forskolin, which is known to activate adenylyl cyclase. The enhancement of inhibitory synaptic transmission is in line with previous studies at hippocampal (Capogna et al., 1995; Trudeau et al., 1996; Jarolimek and Misgeld, 1997) and cerebellar (Llano and Gerschenfeld, 1993; Mitoma and Konishi, 1996) synapses but contrasts with a study on magnocellular neurons in rat basal forebrain nuclei in which forskolin and D 1 receptor agonists were found to reduce GABA A IPSCs (Momiyama and Sim, 1996) .
A consistent finding was the decrease in latencies of evoked IPSCs after D 1 receptor stimulation as well as the application of forskolin. Unlike our other findings, this finding is not easily explained by an increase in the probability of transmitter release. The variability of latencies with which IPSCs were evoked in a single cell may arise from different lengths of branches originating from the stimulated axon that form synapses with the target neuron (Mody et al., 1994) . A reduction in mean latency could result if synapses of short branches were activated more reliably in the presence of D 1 receptor agonists. The fact that the range of latencies also was reduced in comparison to controls renders this explanation unlikely. An alternative explanation is the involvement of another mechanism in addition to the increase in probability of GABA release such as the activation of L-type Ca 2ϩ currents that has been described for the somata of neostriatal medium spiny neurons (Hernández-L ópez et al., 1997) . If present at GABAergic terminals, activation of L -type C a 2ϩ channels could promote spike propagation in axonal terminals and Ca 2ϩ influx. D 1 receptors stimulate GABA release from forebrain afferents D 1 receptor activation strongly enhanced stimulation-evoked IPSC s and the frequency of mI PSC s. In contrast, there was no consistent effect on spontaneous action potential-dependent IPSC s. A likely explanation is that spontaneous I PSCs involve a significant number of D 1 -insensitive GABA release sites. Indeed, spontaneous action potential-dependent I PSC s are thought to originate from local neurons (Nakanishi et al., 1987; Stanford and Lacey, 1996) that do not carry D 1 receptors (see introductory remarks). To our knowledge, mI PSC s have not been recorded from SN R neurons to date. Stanford and Lacey (1996) report that only 30% of SN R neurons display spontaneous I PSCs and that these I PSC s are all blocked by TTX. In contrast, we found spontaneous I PSC s in all cells and a proportion of IPSCs persisted in TTX and C d 2ϩ . The difference is likely to be attributable to the fact that we recorded I PSC s under conditions of a large driving force for chloride ions. There is no obvious reason to assume that mI PSC s originate only from collaterals of local inhibitory neurons. For spontaneous action potential-dependent IPSC s, but not for mI PSC s, it may be necessary to preserve GABA-containing cells intact in the slice preparation.
Dendritically released DA tonically modulates inhibition of output neurons
Besides acting in the striatum, DA may modulate the striatonigral pathway via direct influences in substantia nigra, because release of DA occurs not only from nerve terminals but also from the dendrites of nigrostriatal DA neurons (Geffen et al., 1976; Korf et al., 1976; Cheramy et al., 1981) . Our data indicate that inhibitory synaptic transmission is indeed potentiated by endogenous DA acting at D 1 receptors in substantia nigra. I PSC s evoked by minimal stimulation were reduced by the D 1 receptor antagonist SCH23390, possibly indicating a tonic stimulation of D 1 receptors by endogenous DA. Nonspecific effects of the D 1 antagonist on GABA A I PSC s can be excluded because no effect on mIPSCs was observed. mI PSC s were recorded under conditions (TTX and C d 2ϩ ) under which DA release should not occur . Further evidence for endogenous DA acting tonically at D 1 receptors on GABAergic afferents to SN R neurons was obtained by blocking the uptake of DA by imipramine. In the concentration used here, it is likely to affect the norepinephrine and the dopamine transporter. In the presence of the monoamine uptake inhibitor imipramine, the amplitude of evoked I PSC s was increased and the failure rate was decreased. Subsequent application of the D 1 antagonist SCH23390 reduced IPSC amplitudes even below control values.
CONCLUSIONS
The direct and indirect striatonigral pathways are the primary substrates through which DA exerts effects on basal ganglia outflow. The GABAergic striatonigral terminals of the direct pathway inhibit GABAergic output neurons in SNR and in the internal segment of the globus pallidus. Dopaminergic neurons of SNC excite GABAergic neurons in the striatum via D 1 receptors (Hernández-L ópez et al., 1997) , resulting in an increase of GABAergic output to both nuclei. Potentiation of GABAergic transmission by activation of presynaptic D 1 receptors in substantia nigra intensifies the inhibition of SNR output neurons and provides functional significance to the close apposition of these neurons to DA-containing dendrites.
